Abstract Oxidative stress has been suggested to play an important role in the pathogenesis of various neurodegenerative diseases including Alzheimer's disease (AD). Hydrogen peroxide (H 2 O 2 ), one of the main reactive oxygen species, is converted into the highly toxic ÁOH radical in the presence of redox-active transition metals, which then oxidises nucleic acids, lipids and proteins, leading to neurodegeneration and cell death. There is an urgent need to gain more knowledge about relevant therapeutic targets to combat oxidative stress and it neurotoxic effects, and how this knowledge can be utilized to develop novel neuroprotective therapies for AD. One way to identify new mechanisms combating oxidative stress was via the creation of H 2 O 2 -resistant cell lines and identification of the mechanisms responsible for their resistance. However, in most cases catalase overexpression or increased glutathione content was identified as the primary mode of H 2 O 2 resistance in these cell lines. In this study, we have generated six different resistant neuronal cell lines or populations (from the same original murine Neuro2a neuroblastoma line) by exposing cells to increasing concentrations of H 2 O 2 and performing continuous selection for survivors over a period of several months, which appear to have acquired H 2 O 2 resistance based on other, novel mechanisms. These six populations showed a significant, but differential resistance against H 2 O 2 when compared with the parental cell line. Using combinations of catalase-, glutathione synthesis-and glutathione peroxidase-inhibitors it was shown that the increased resistance of Neuro2a-HR cells is not solely based on an increased activity of catalase or the glutathione system, suggesting that their resistance might be based on yet unknown, novel defence mechanisms.
Introduction
Oxidative stress has been suggested to play an important role in the pathogenesis of various neurodegenerative conditions, including Parkinson's and Alzheimer's disease (AD) (Butterfield and Kanski 2001; Behl 1997; Retz et al. 1998) . Oxidative and nitroxidative damage in the AD brain manifests as increased protein oxidation (elevated levels of protein carbonyls and nitrated tyrosine residues), lipid peroxidation (elevated levels of thiobarbituric acid reactive substances malondialdehyde, 4-hydroxy-2-trans-nonenal and isoprostanes), DNA and RNA oxidation [elevated levels of 8-hydroxy-2-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine (8-OHG)] and increased levels of glycoxidation products (Vitek et al. 1994; Sultana et al. 2006; Münch et al. 1998) .
Hydrogen peroxide (H 2 O 2 ) is one of the most prominent reactive oxygen species (ROS) within cells. H 2 O 2 itself is not very reactive and by itself not a very potent oxidizing threat to cells. However, it is easily converted into the highly reactive ÁOH radical via the Fenton reaction, which then oxidizes nucleic acids, lipids and proteins. Chronic treatment of mammalian cells with H 2 O 2 has shown that cells are able to adapt to oxidative stress. The most common resistance mechanisms are based on an increase in reduced glutathione (GSH) content or activity of antioxidative enzymes such as superoxide dismutase (SOD), catalase or glutathione peroxidase (GPX) (Cantoni et al. 1993; Park et al. 1992) .
Cellular detoxification systems such as GSH, thioredoxin and catalase which are involved in H 2 O 2 detoxification also appear to decrease in activity in AD (Marcus et al. 1998; Lovell et al. 1995) . For example, the GSH content in the brains of AD patients was found to be significantly decreased compared with non-AD patients, while the expression of the detoxifying enzymes catalase (Aksenov et al. 1998 (Aksenov et al. , 2001 Liu et al. 2004 ). Furthermore, the activity of catalase in AD-affected brains was also actually found to be decreased (Gsell et al. 1995) .
It has been proposed that H 2 O 2 -resistant cell lines can be used to unravel novel H 2 O 2 protection-conferring genes (or more correctly, the proteins they code for) and that such novel genes can contribute to the development of novel neuroprotective drugs (Spitz et al. 1988) . To date, a number of studies have reported the generation of H 2 O 2 -resistant cells. One of them, a murine hippocampal HT22 cell line, was generated by Schafer et al. that showed a crossresistance to glutamate, while the simultaneously created glutamate-resistant cell line showed a similar resistance against H 2 O 2 . Further investigation revealed that both cell lines contained high levels of phosphorylated GSK-3b resulting in an inactivation of this apoptosis-inducing protein (Schafer et al. 2004) .
The aim of the present study was to generate a variety of H 2 O 2 -resistant cells using the murine neuronal cell line Neuro2a to identify the changes in gene expression that mitigate the damaging effects of H 2 O 2 . Furthermore, these cells were analysed for catalase and GPX activity to exclude that the resistance was solely based on increased expression of these well-known detoxification systems.
Materials and methods

Cell culture
Neuro2a cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 5 % foetal bovine serum (FBS), 200 U/mL penicillin, 200 lg/mL streptomycin, 2.6 lg/mL Fungizone Ò , and 2 mM glutamine or Gluta-MAX TM -I (Invitrogen, Carlsbad, USA). Cells were maintained in 5 % CO 2 at 37°C.
Generation of H 2 O 2 -resistant cells by chronic H 2 O 2 treatment
Weekly treatment with high levels (HL) of H 2 O 2 to generate Neuro2a-HR_HL cells: Neuro2a cells were cultured in T175 flasks and treated weekly with 250 lM H 2 O 2 in a volume of 40 mL growth medium. This medium was removed the day after treatment and fresh growth medium was added. Cells were passaged as required to yield a confluency of 80-90 % on the day of treatment. H 2 O 2 concentrations were gradually increased to 500 lM after 1 month, to 750 lM after 2 months and to a final concentration of 1 mM after 3 months. Those cells were named Neuro2a-HR_HL. Three single clones (B8, E3 and F5) were isolated after dilution to approximately 0.8 cells/ well from this population after 6 months of treatment.
Daily treatment with low levels (LL) of H 2 O 2 to produce Neuro2a-HR_LL cells: Neuro2a-HR_LL cells were generated by growth in six-well plates and treated with 30 lM H 2 O 2 in a volume of 2 mL growth medium daily. H 2 O 2 concentrations were gradually increased up to 50 lM after 1 month, to 100 lM after 2 months and to 200 lM after 3 months. For Neuro2a-HR_LL, subpopulations clones E525, E725 and E735 were selected by dilution to approximately 0.8 cells/well in 96-well plates after 4 months.
Assessment of H 2 O 2 -resistance of Neuro2a cells
In order to identify only constitutively expressed genes, cells were withdrawn from H 2 O 2 treatment for at least 2 weeks prior to testing them for constitutive H 2 O 2 -resistance. In brief, the same number of cells (5 9 10 4 cells/ well) were seeded in 96-well plates and incubated overnight. Medium was aspirated, replaced with 100 lL growth medium containing differing concentrations of H 2 O 2 up to 50 mM and cells were incubated at 37°C and 5 % CO 2 . Cell viability was determined 24 h later using the resazurin (Alamar Blue) assay (John O'Brien 2000) (n = 3, in triplicate).
Cell viability (Alamar Blue) assay Cell viability was measured as mitochondrial metabolic activity using resazurin to resorufin reduction (John O'Brien 2000) . Briefly, 100 lL DMEM containing 0.125 mg/L resazurin was added to each well of a 96-well plate and incubated for 2 h at 37°C. Fluorescence was measured at 560EX nm/590EM nm in a BMG Labtech POLARstar Omega fluorescent plate reader (BMG LAB-TECH, Ortenberg, Germany). Wells containing resazurin without cells were used to determine background fluorescence. All measurements were performed in triplicate and expressed as a percentage of control cells (n = 3, in triplicate).
Assessing contribution of catalase and glutathione system to H 2 O 2 -resistance of Neuro2a cells
To determine the contribution of the catalase system and the GSH system to the H 2 O 2 -resistance of the resistant neuron-like cells, 5 9 10 4 cells/well were seeded in 96-well plates and incubated overnight. Cells were incubated with 10 mM catalase inhibitor 3-amino-1,2,4-triazole (3-AT) and/or 10 mM GPX inhibitor mercaptosuccinic acid (MS) for 2 h and/or 1 mM c-glutamylcysteine synthetase inhibitor L-buthionine-sulfoximine (BSO) for 22 h. To obtain comparable results for all tested conditions all plates were seeded on the same day; the next day, the medium containing 5 % FBS was replaced with DMEM with 1 % FBS with or without 1 mM BSO for 22 h. Thereafter, all medium was replaced with DMEM containing 1 % FBS with or without inhibitors for 2 h. After removal of the inhibitor(s) containing medium, fresh medium with 5 % FBS containing different concentrations of H 2 O 2 up to 10 mM was added and cells were incubated at 37°C and 5 % CO 2 . Cell viability was determined 24 h later using the resazurin reduction assay. All preparations of the inhibitor in DMEM were sterile filtered using 0.22 lm filters; preparations containing MS were pH adjusted to 7.5.
Determination of H 2 O 2 in cell culture medium via PCA-Fox assay To measure H 2 O 2 clearance from the medium, 1 mM H 2 O 2 in 100 lL DMEM were added to each well of a 96-well plate containing 5 9 10 4 cells. After incubation for 0-90 min at 37°the conditioned media were removed from the cells and diluted 1:10 in PBS. The diluted samples (180 lL) were transferred into a new 96-well plate and 20 lL Fox-reagent (2.5 mM ferrous ammonium sulphate, 2.5 mM xylenol orange, 1.10 M HClO 4 ) were added and mixed. The plate was incubated on a rocking platform for 30 min and the absorbance was measured at 545 nm in a microplate reader (Bio-Rad Laboratories, Hercules, US, USA).
Statistical analysis
All measurements were performed in triplicate and expressed as a percentage of untreated control cells. Oneway ANOVA was performed using SPSS Ò Statistics 18 software (IBM, Armonk, USA) on data expressed as a percentage of control cells for each experiment and the Games-Howell posthoc test was used when variances were significantly different within groups; for homogeneity of variance the Tukey posthoc test was used. Results were presented as the mean ± SD using GraphPad Prism Ò Version 5.04 (GraphPad Software, La Jolla, USA). To determine the LD 50 value, curves were fitted using the log (inhibitor) vs. responses-variable slope (four parameters) function.
Results
Generation and selection of H 2 O 2 -resistant murine neuronal cells
The aim of these experiments was to create one or more neuron-like cell lines derived from murine Neuro2a cells with increased resistance against H 2 O 2 , in which novel neuroprotective genes that confer protection against H 2 O 2 could be identified in the future. The murine neuroblastoma cell line Neuro2a was used to generate H 2 O 2 -resistant cell populations by two different types of treatment. The basic principles of this process were to treat Neuro2a cells with increasing amounts of H 2 O 2 over long time periods and to select for cells showing increased survival under these conditions (Spitz et al. 1988) .
For the generation of Neuro2a-HR_HL (high levels of H 2 O 2 ) subclones parental Neuro2a cells were treated with a starting concentration of 250 lM H 2 O 2 once a week. This concentration of H 2 O 2 led to 95-99 % cell death within 24 h of treatment, after which the surviving cells regrew to confluence within a week. However, cells adapted to the treatment with 250 lM H 2 O 2 , and the rate of cell death decreased upon subsequent challenges. Therefore, H 2 O 2 concentrations were gradually increased to 1 mM. After 6 months of H 2 O 2 treatment three single cell clones, termed Neuro2a-HR_HL B8, E3 and F5 were isolated (Table 1) .
For the generation of the Neuro2a-HR_LL (low levels of H 2 O 2 ) subpopulations, parental Neuro2a cells were treated with 30 lM H 2 O 2 daily. At this concentration, no significant cell death was observed. The H 2 O 2 concentration was Fig. 1a, b ; Table 2 ).
Contribution of increased catalase activity to the resistance of Neuro2a-HR cells
For the successful identification of novel H 2 O 2 resistance-conferring genes in the resistant cells it is necessary that the Neuro2a-HR populations would still show an increased H 2 O 2 resistance when compared with parental cells, even when the H 2 O 2 detoxification systems such as catalase and/or GPX are inhibited. To exclude that the increased resistance of the generated Neuro2a-HR cells was simply based on an increase in catalase activity, the H 2 O 2 -resistance of the selected six H 2 O 2 -resistant clones or subpopulations was tested after inhibition of catalase. Cells were pre-incubated with the irreversible catalase inhibitor 3-AT (10 mM) for 2 h before being challenged with H 2 O 2 . This treatment has previously been found to completely inhibit catalase activity in astrocytes (Dringen and Hamprecht 1997) .
Cell viability was determined after 24 h. After catalase inhibition the LC 50 of parental cells dropped from 214 ± 10 lM to 78 ± 5 lM (n = 3, in triplicate). Among the resistant cells, the three Neuro2a-HR_LL clones had an LC 50 of ranging from 352 ± 24 lM (for LL 525) to 1,810 ± 292 lM, indicating a 4-to 23-fold higher resistance of the LL subpopulations than the parental cells. Neuro2a-HR_HL clones had LC 50 ranging from 278 ± 5 lM for clone B8 to 742 ± 38 lM for clones E3 (Table 3 ). This 4-to 23-fold''resistance gap'' of compared with the parental cells even at complete inhibition of catalase activity indicates that the increased resistance of all six Neuro2a-HR populations is not simply caused by overactivity of the catalase system. 
Contribution of glutathione peroxidase (GPX) activity to the increased resistance of Neuro2a-HR cells
Glutathione peroxidase (GPX) is a further enzymatic system involved in the direct detoxification of H 2 O 2 . GPX was inhibited to assess the contribution of this enzyme to the increased resistance of Neuro2a-HR cells towards H 2 O 2 . Cells were pre-incubated for 2 h with 10 mM MS, a reversible inhibitor of GPX. In astroglial cells these treatment conditions were found to fully inhibit GPX activity (Dringen et al. 1998; Kussmaul et al. 1999) . Cells were then challenged with H 2 O 2 and cell viability was measured after 24 h. GPX inhibition resulted in a decrease in the LC 50 of parental (from 214 ± 5 to 163 ± 18 lM) and all Neuro2a-HR cell lines. Neuro2a-HR_LL subpopulations had LC 50 values that ranged from 420 ± 32 lM to 649 ± 22 lm. Similar findings were made for Neuro2a-HR_HL cells, which displayed LC 50 values between 263 ± 10 lM (clone B8) and 534 ± 43 lM (clone E3) ( Table 4 ). As seen in prior experiments, the B8 clone showed a weaker resistance compared with all other clones with LC 50 values of C300 lM. In summary, this ''resistance gap'' indicates (like for catalase) that an increased GPX activity is not solely responsible for the increased resistance of the Neuro2a-HR cells.
Contribution of the total GSH pool to the resistance of Neuro2a-HR cells
Increased resistance of Neuro2a-HR cells could be based on a faster production or a higher level of free available GSH (the cofactor for GPX, but also potentially many other GSH-dependent enzymes). BSO is an irreversible inhibitor of c-glutamylcysteine synthetase, the rate limiting enzyme in GSH synthesis. To examine this possibility, cells were pre-incubated with 1 mM BSO for 22 h and then challenged with 0-2,000 lM H 2 O 2 . BSO treatment reduced the LC 50 of parental cells 114 ± 14 lM, while Neuro2a-HR_LL cells showed LC 50 values of 557 ± 19 to 2,238 ± 95 lM. Neuro2a-HR_HL cells showed comparable resistance, with LC 50 values ranging from 255 ± 19 lM for clone B8 to C400 lM for the other clones (Table 5) . Hydrogen peroxide-resistant neuronal cell lines 1175 37 ± 5 lM. Neuro2a-HR_HL cells demonstrated LC 50 values between 59 ± 4 lM (for B8) and C93 lM (HL F5 and HL E3) (Table 6 ). Comparable results were observed when catalase and GSH production were inhibited in Neuro2a-HR_LL cells, with LC 50 values ranging between 59 ± 4 lM for clone B8 and C80 lM for F5. This ''resistance gap'' suggests again that an increased catalase activity and higher GSH content is not solely responsible for the increased resistance of Neuro2a-HR cells, but other potentially novel mechanisms could play a role in the acquired resistance mechanism.
Comparison of the rate of detoxification of H 2 O 2 between parental Neuro2a and Neuro2a-HR cells
The previous sections suggest that the resistance mechanism of Neuro2a-HR cells is not simply based on an increased detoxification of H 2 O 2 by catalase and GPX. To further test this hypothesis, we investigated whether Neuro2a-HR cells detoxify H 2 O 2 more effectively than the original parental cell line. For this purpose, the rate of clearance of 1 mM H 2 O 2 exogenously added to the cell culture medium was measured using the PCA-Fox assay (Gay et al. 1999) . No significant differences in the rate of detoxification of exogenously added H 2 O 2 were detected between the parental and Neuro2a-HR cells (calculating half-life assuming first order kinetics). All cell clones were capable of detoxifying 1 mM H 2 O 2 , with a t 1/2 of 30.2 ± 2.0 min for the parental cells and between 26.0 and 31.6 min for the resistant clones or subpopulations (Fig. 2) . This supports our hypothesis that the increased resistance of Neuro2a-HR cells is not simply based on a higher activity of the detoxification systems for H 2 O 2 .
Discussion
Identification of novel defence mechanisms against H 2 O 2 could lead to the development of new drug targets for the treatment of neurodegenerative diseases, and AD particularly, as oxidative stress plays an important role in these diseases. Slowly adapting cells against a stressor has proven to be beneficial to find such protection-conferring mechanisms against such a toxin. This method, called conditioning, has shown often to lead to an increased tolerance or total resistance of those cell populations against the toxin (Ramakrishnan and Sandmaier 2010) . These resistant cell lines can then be further examined to find the protection-conferring genes. Several different cell types, such as murine lens, monkey kidney or hamster ovarian cells, have been found to develop resistance after conditioning with H 2 O 2 . The future overall aim of this study will be to find novel drug targets for diseases involving oxidative stress by comparison of the gene expression pattern between parental and these different clones of H 2 O 2 -resistant cells. (Cantoni et al. 1993) .
All Neuro2a-HR cells displayed a high H 2 O 2 -resistance compared with parental cells when challenged with H 2 O 2 concentrations of up to 1 mM. This gap in resistance was still present when catalase and/or the glutathione system were inhibited. It did not make a difference whether cells had been created by treatment with low or high levels of H 2 O 2 , as all Neuro2a-HR cells were resistant to equal amounts of H 2 O 2 . This is an opposite finding to prior studies where treatment of cells with higher concentrations of H 2 O 2 also induced higher catalase activity (Cantoni et al. 1993) .
Although it is possible that the resistant cells have evolved through an adaptation process occurring during repeated exposure, it is also possible (particularly that in the case of the HL cells which were given a few large doses of H 2 O 2 ) we have selected pre-existing resistant clones from the heterogeneous population of cells in this cell line.
Inhibition of catalase decreased the LC 50 by approximately 70 % to 78 ± 5 lM, indicating that catalase is indeed an important defence system in mammalian cells, accounting for approximately 70 % of H 2 O 2 defence. Inhibition of GPX led to a smaller decrease in LC 50 from 214 ± 5 to 163 ± 18 lM), indicating that both the catalase and the glutathione system contribute strongly to the detoxification of H 2 O 2 .
Prior findings indicate that the glutathione system detoxifies low levels of H 2 O 2 , while high levels are dismutated by catalase (Giblin et al. 1990 ). The function of the glutathione system mainly lies in the detoxification of secondary peroxidation products and is, therefore, vital for cell survival. As catalase and glutathione are already known and well characterized as antioxidant defence systems, it would be especially interesting to find other, so far unknown detoxification systems.
To address the question of whether the resistance of Neuro2a-HR cells is due to a more effective detoxification or to a higher tolerance to H 2 O 2 , the clearance of exogenously added H 2 O 2 from the supernatant was measured. No dramatic difference in H 2 O 2 detoxification between parental cells and Neuro2a-HR cells could be found, suggesting that the resistance mechanism is not based on a more efficient H 2 O 2 degradation.
In summary, it can be stated that the created Neuro2a-HR cells show a significant higher resistance against H 2 O 2 than the parental cell line and that both methods of cell conditioning, 1 mM weekly or 200 lM daily, lead to resistant clones or subpopulations. Furthermore, it was shown that the increased resistance of Neuro2a-HR is not based solely on catalase or glutathione related mechanisms. This indicates the contribution of additional, so far unknown, mechanisms which allow Neuro2a-HR cells to survive at higher levels of oxidative stress. The mechanism(s) are most likely not based on faster detoxification of extracellular H 2 O 2 as the clearance rate for exogenously added 1 mM H 2 O 2 was similar between parental and resistant cells. These resistant clones might serve as interesting target discovery tools for the identification of neuroprotective genes, which is currently underway. Such genes might include those which increase the cell's ability to remove toxic oxidation products such as reactive aldehydes, or others that protect the cells against apoptotic cell death.
